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 There are many intricacies involved with resuscitating injured cells.  According to 
Martin et al. (1976), it is well established that the physiology of injured but viable cells 
differs from that of undamaged cells.  Hence, injured cells are commonly unable to grow 
on standard agar media typically used for their isolation.  In more recent years, it has 
also been widely acknowledged that dormant bacterial cells, in a stress-induced state 
known as the viable but nonculturable (VBNC) state, also cannot be resuscitated on rich 
agar media usually used for their cultivation in the laboratory (Oliver, 1999).  The 
number of bacteria known to exist in the VBNC state is constantly growing, but was 
around 60 bacteria from 30 or so different genera including many human pathogens as 
of 2005 (Oliver, 2005).  Determination of the reasons for the inability of these dormant 
cells to grow on agar media from this state has prompted much research into 
resuscitation strategies which may be relevant to the current discussion of resuscitation 
of injured cells.  The use of a rich media for resuscitation is thought to be inappropriate, 
and there is an additional problem with the use of solid agar plates even of the same 
growth medium.      
 
 It has been known for more than half a century that resuscitation of sublethally 
injured cells was not achieved easily on agar plates unless attempts were made to 
eliminate hydrogen peroxide in the agar medium.  As far back as 1956, Barry et al. said 
that it had been observed that small inocula of Mycobacterium tuberculosis grew poorly 
in synthetic media unless one of a variety of hydrogen peroxide-destroying agents, such 
as hemoglobin, serum fractions, charcoal, or cobalt was added to the medium.  They 
examined Proskauer and Beck-type culture media and found that, as prepared, they 
contained between 1 - 10 μg/ml of H2O2.  Apparently, media containing both citrate and 
manganese produce substantial quantities of hydrogen peroxide when autoclaved.  In 
the absence of manganese, no peroxide was formed.  However, only trace amounts of 
manganese were needed to result in peroxide production, and it was thought that such 
trace amounts were usually present in the asparagine used in the media. 
 
 Martin et al. (1976) also found that the use of sodium pyruvate and the addition 
of catalase to trypticase soy broth (TSB) enabled recovery of heat-injured 
Staphylococcus aureus by preventing the accumulation of hydrogen peroxide in and 
around the cells.  Addition of heat-inactivated catalase did not enable recovery of the 
injured cells.  They also found increased recovery of injured Pseudomonas fluorescens, 
Salmonella typhimurium, and Escherichia coli.  Sublethal heat treatment to S. aureus 
has been shown to produce a variety of repairable damages (Iandolo & Ordal, 1966).  
These include strand breaks in the deoxyribonucleic acid (DNA) and ribonucleic acid 
(RNA) (Gomez & Sinskey, 1973; Tomlins & Ordal, 1971; as cited by Martin et al., 1976).  
An additional damage associated with heat inactivation of microorganisms is the loss of 
function of the catalase enzyme.        
 
 Raymond et al. (1978) reported that more than 90% of heat-stressed Salmonella 
senftenberg cells failed to grow on trypticase soy agar (TSA) unless it was 
supplemented with compounds capable of degrading hydrogen peroxide.  A 1% sodium 
pyruvate solution in the TSA produced maximal growth of heat-damaged cells.  Also, 
the addition of other peroxide-degrading agents such as FeSO4

- and KMnO4
-  (filter 
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that caused the cells to enter the VBNC state allowed for resuscitation of the cells.  It 
has also been found that extracellular bacterial proteins known as ‘resuscitation-
promoting factors’ (Rpfs) occur in various organisms such as Mycobacterium 
tuberculosis and M. smegmatis which were found to be petidoglycan hydrolases 
involved with cell wall digestion and cell division.  Other resuscitation factors have been 
reported for a number of Gram-positive and Gram-negative species when incubated in 
media containing human norepinephrine.  A quorum-sensing system for resuscitation 
has also been suggested (Oliver, 2010).  There is no literature suggesting that such 
VBNC state occurs in green algae.  However, it is known to occur in cyanobacteria (has 
been suggested for any green algae   
 
 A report was published by the New Zealand Food Safety Authority in 2008 
entitled “Resuscitation of putative viable but non-culturable (VNC) food-borne bacteria 
of significance to New Zealand”.  It lists a number of different resuscitation strategies 
tried by various researchers.  In addition to the use of a peroxide-degrading compound 
in agar media, it has also been proposed that one attempt to resuscitate VNC cells in 
minimal media rather than in nutrient-rich media (Wong et al., 2004).  They found that 
there was a 12-hr lag period with resuscitation of VBNC cells on TSB that did not occur 
with the minimal media.  Whitesides and Oliver (1997) also reported that resuscitation 
appears to occur only when little or no nutrient is present, even though the rich media 
was not actually toxic to the V. vulnificus.  Perhaps, this strategy of attempting 
resuscitation on minimal or diluted media addresses the oxidative destruction found to 
occur with the use of rich media.        
 
 Trypticase soy broth, and thus the solid version as trypticase soy agar, is a 
medium rich in carbohydrates, amino acids, vitamins, and minerals.  These components 
are supplied in the form of casein peptone (from pancreatic digestion) and soya peptone 
(from papanic digestion) along with sodium chloride for osmotic balance.    
 
 Although much of the research done on resuscitation of microorganisms has 
been done for bacteria, it seems likely that similar phenomena may pertain to any 
heterotrophic microorganism, even an alga.  The formation of hydrogen peroxide during 
the heating of the agar media may also be problematic for enumeration of 
damaged/stressed algal cells.  Likewise, if there is injury resulting from a metabolic 
imbalance leading to oxidative damage and cell death when taking bacterial cells from 
an injured/stressed state into rich media, it seems plausible the same thing may happen 
with a heterotrophic alga.   
 

A robust effort for resuscitation of sublethally damaged cells under optimal 
conditions for recovery should be attempted for the inactivation treatments proposed by 
Solazyme to provide a level of certainty that the proposed inactivation treatments are 
successful in killing all viable cells, and not merely sublethally damaging them.  
 
 
V.  SPECIFIC PROBLEMS WITH THE INACTIVATION DATA AND PROPOSED 
INACTIVATION PROTOCOL 
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9.  I recommend that the resuscitation attempts be determined on a lab-scale basis first.  
Once there is convincing evidence of cell death by the inactivation treatments at the 
bench scale, then the determination of their effectiveness at pilot and commercial-
scales should be addressed.  
 










